This work developed a one-step process for renewable p-xylene production by co-catalytic fast pyrolysis (co-CFP) of cellulose and methanol over the different metal oxides modified ZSM5 catalysts. It has been proven that La 2 O 3 -modified ZSM5(80) catalyst was an effective one for the production of bio-based p-xylene. The selectivity and yield of p-xylene strongly depended on the acidity of the catalysts, reaction temperature, and methanol content. The highest p-xylene yield of 14.5 C-mol% with a p-xylene/xylenes ratio of 86.8% was obtained by the co-CFP of cellulose with 33wt% methanol over 20%La 2 O 3 -ZSM5(80) catalyst. The deactivation of the catalysts during the catalytic pyrolysis process was investigated in detail. The reaction pathway for the formation of p-xylene from cellulose was proposed based on the analysis of products and the characterization of catalysts.
I. INTRODUCTION
As an important chemical intermediate, p-xylene has been mainly used for the production of terephthalic acid (TPA) that is an important aromatic carboxylic acid for the synthesis of resins and fibers [1] . p-Xylene can be produced from various catalytic transformations such as the disproportionation of toluene, the alkylation of benzene or toluene, and the isomerization of C8 aromatics along with a series of separation processes [2, 3] . Currently, there has been great interest in producing this commodity chemical more sustainably from biomass sources [4, 5] .
Cellulose, a crystalline polymer consisting of β-1,4-linked D-glucose units, can be obtained from various biomass sources such as wood, straw, grasses, and algae [6] . Together with the massive amount of lignocellulosic biomass produced and accumulated on the earth, cellulose is the most important bioresource, and can be utilized as renewable materials for the production of biofuels and biochemicals [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Among various routes for transformation of cellulose to bio-based chemicals, fast pyrolysis [8−11] and catalytic fast pyrolysis of cellulose [12] [13] [14] [15] [16] [17] have received considerable interest. Cellulose pyrolysis is believed to proceed in two stages: * Author to whom correspondence should be addressed. E-mail: liqx@ustc.edu.cn, Tel.:
+86-551-63601118, FAX: +86-551-63606689 the formation of volatile and non-volatile intermediates via depolymerization of cellulose, and the cracking of intermediates into final products including gas, liquid (tar and wood vinegar or pyroligneous acid) and solid (char and coke) products [8] . Generally, the liquid oxygenates obtained from the pyrolysis of cellulose include anhydrosugars (mainly levoglucosan), acids, furans, ketones, aldehydes, and alcohols, due to the glucose polymer of cellulose [9] [10] [11] . Pyrolysis of cellulose lower than 300
• C mainly involves the reduction in degree of polymerization, the formation of free radicals, elimination of water, and leaving char residue [10] . Over 300
• C, cellulose pyrolysis involves both depolymerization and fragmentation reactions, leading to the increase in organic liquid products [10] . Generally, the depolymerization process produces anhydro-oligosaccharides, monomeric anhydrosugars and derivatives, furans and cyclopentanones. And the fragmentation process creates linear carbonyls, alcohols, esters, and other products [11] .
Catalytic fast pyrolysis (CFP) can transform cellulose into valuable liquid products [12] . The catalytic pyrolysis of cellulose to aromatics over zeolites involves a complex pathway: (i) the formation of anhydrous sugars from the cellulose, (ii) the dehydration of these sugars to furanics, and (iii) the acid-catalysed decarbonylation, decarboxylation, dehydration and oligomerisation of furanics to aromatic products [13] [14] [15] [16] . Mihalcik et al. [14] studied the catalytic pyrolysis of cellulose using five zeolite catalysts. They found that the ZSM-5(23) catalyst was the most effective catalyst for producing aromatics. The framework and Si/Al ratio of the catalysts play a major role in their ability to effectively convert the oxygenates (like furans, acids and anhydrous sugars) into aromatics. Mullen et al. [15] investigated the production of aromatics via catalytic pyrolysis of cellulose with Fe-modified ZSM-5. They reported that the highest carbon yield of ∼18% aromatics was achieved with 1.4wt% Fe-ZSM-5 from cellulose.
Rezaei et al. [16] reported that fast pyrolysis of cellulose strongly depended on the pore structure and acidity of the catalysts. To increase aromatics yield and reduce coke yield, there are several reports on the production of aromatics chemicals by co-catalytic pyrolysis of biomass and additives (such as low-density polyethylene) [17, 18] . Even though cellulose can be utilized as renewable materials for the production of biochemicals, the biggest challenge for the production of bio-based chemicals is how to improve the yield and selectivity of target product, along with reducing coke and catalyst deactivation [19, 20] . The lack of selective chemistry might be a serious problem for eventual commercialization, and thus, further study on the optimization of catalysts and controlling reaction pathways is required. In this work, we developed a one-pot process that cellulose was able to be directionally converted into p-xylene by coupling the catalytic pyrolysis of cellulose into aromatic monomers, the alkylation of light aromatics to xylenes and the isomerization of m-xylenes and o-xylenes to p-xylene over metal oxidesmodified ZSM5(80) catalysts. The influences of the catalysts acidity, methanol content and reaction temperature on the selectivity and yield of p-xylene were investigated in detail.
II. MATERIALS AND METHODS

A. Cellulose and catalysts
The cellulose sample from Sigma/Aldrich was made up of 45.04wt% C, 6.21wt% H, 48.74wt% O, and 0.01wt% N. ZSM5(80) catalyst stems from the Catalyst Plant of Nankai University. The metal oxides modified ZSM5(80) catalysts including La 2 O 3 -ZSM5(80), MgO-ZSM5(80), CeO 2 -ZSM5(80), and ZnO-ZSM5(80) were gained using the impregnation route [2] .
For the catalyst characterizations, the crystallinity of zeolites was investigated by X-ray diffraction on a Philips diffractrometer. Surface area of catalyst was obtained from the nitrogen adsorption-desorption isotherms (Coulter-SA-3100 analyzer). The acid characteristics of the catalyst samples were characterized by temperature programmed desorption of ammonia with the detailed procedure as described in our previous work [21] . Coke deposited on the used catalyst was tested by temperature programmed oxidation with a Q5000IR thermogravimetric analyzer (USA). The results of the catalyst characterizations are shown in Table I .
B. Catalytic pyrolysis measurement
One-step conversion of cellulose into aromatic compounds was carried out by the catalytic cracking of cellulose in a tubular catalytic cracking reactor over the metal oxides modified ZSM5(80) catalysts, as described in detail in our previous work [21] . Before each test, the catalyst with the weight ratio of 2:1 between catalyst and biomass was loaded in the reactor. On reaching a setup temperature, cellulose sample was fed into the catalytic bed with a feed hopper installed in the top of the reactor. Methanol was also added by a liquid injection pump for the experiments of co-catalytic pyrolysis of cellulose and methanol.
The collected gas was measured through a GC-SP6890 gas chromatograph. The organic liquid products were separated from the aqueous phase with ethyl ether. Analysis of liquid products was conducted with a Thermo Trace GC/ISQ GC/MS. The GC oven was programmed from the room temperature (25
• C/min and kept at 280
• C for 10 min. Major products were quantified using calibration standards of GC/MS. Product yield was obtained in terms of molar carbon yield, and the moles of carbon in a product are divided by the moles of carbon in the reactant. The yield and selectivity of the products were calculated based on Eq. (1) work [21] .
Y i = Carbon moles in gas, liquid or solid products Carbon moles fed in ×100%
(1)
S k = Carbon moles in a product Carbon moles in all products × 100% (3) where Y i is the overall carbon yields, Y j is the yield of a product, and S k is the selectivity of a product; the units of Y i , Y j , and S k are all in unit of C-mol%. • , corresponding to typical characteristic peaks of ZSM5 [22] . Similar characteristic peaks of the MFI structure were also observed for the unmodified ZSM5(80) and the metal oxides modified ZSM5(80) catalysts. The crystallinity for the modified catalysts was obviously reduced, which was also reported in Refs. [23, 24] . No obvious characteristic peaks corresponding to MgO and La 2 O 3 species were identified from MgO-ZSM5(80) and La 2 O 3 -ZSM5(80) respectively, indicating that MgO and La 2 O 3 might be highly dispersed on the catalyst surface.
III. RESULTS AND DISCUSSION
To investigate the changes of acidity and acid sites, the NH 3 -TPD analyses were performed for unmodified ZSM5(80) and modified ZSM5(80) catalysts with different metal oxides.
The NH 3 -TPD characterizations are shown in FIG. 2 and Table I . Total acidity was determined by the ammonia amount desorbed from the catalyst surface. Compared with ZSM5(80), the acidity of all modified ZSM5(80) catalysts was significantly reduced by adding the metal oxides into ZSM5(80). For example, the acidity of ZSM5 (80) • C, corresponding to ammonia desorbed from the weak acid site and strong acid site, respectively [25] . Similar double peaks were also found for La 2 O 3 -ZSM5(80) and CeO 2 -ZSM5(80), while the high-temperature desorption peak corresponding to the strong acid site almost disappeared for MgO-ZSM5(80) and ZnO-ZSM5(80). Furthermore, the ratio of strong acid site to the weak acid site (S/W ratio) can be determined by fitting the NH 3 -TPD patterns into two Gaussian components [25] . The S/W ratio for ZSM5(80) was 1.36, and the values for the catalysts modified by the metal oxides of La 2 O 3 , MgO, CeO 2 , and ZnO decreased to 1.20, 0.77, 1.15, and 0.75 respectively. Table II shows the catalytic transformation of cellulose into aromatics including p-xylene over the different metal oxides modified ZSM5(80) catalysts. Introduction of the metal oxides to ZSM5(80) improved the ratio of organic liquid products and suppressed the formation of coke during the catalyst pyrolysis process. When ZSM5(80) was used, the organic liquid products consisted primarily of xylenes and toluene, with a small amount of benzene, ethylbenzene, trimethylbenzene, furans and low oligomers. However, the metal oxides modified ZSM5(80) significantly increased the desired p-xylene yield, accompanied by the decrease in the yields of benzene, toluene, and polycyclic aromatics such as naphthalene, methylnaphthalene, and indene.
B. Screening of catalysts for transformation of cellulose into p-xylene
For the five different catalysts, the selectivity of p-xylene decreased in the following order: La • C, cellulose/methanol=2:1 (in mass ratio), and catalyst/cellulose=2:1 (in mass ratio). 
C-mol% with a p-xylene/xylenes ratio of 86.8% (T =450
• C, cellulose/methanol=2:1 (in mass ratio), and catalyst/cellulose=2:1 (in mass ratio)). The above results implied that adding the metal oxides into ZSM5(80) promoted the alkylation of benzene and toluene to form xylenes, and the isomerization of m-xylene and o-xylene to p-xylene. In view of the NH 3 -TPD results, the increase in the yield and selectivity of p-xylene using the different metal oxides modified ZSM5(80) catalysts should be in association with the alteration of the a cid strength and the strong acid sites. FIG. 3 shows influence of temperature on the production of p-xylene by the co-catalytic pyrolysis of cellulose and methanol over the La 2 O 3 -ZSM5(80) catalyst (cellulose/methanol=2:1 (in mass ratio) and catalyst/cellulose=2:1 (in mass ratio)). On increasing temperature, the yields of organic liquid products and solid residues decreased, and the yield of gas was enhanced due to the second catalytic cracking of organics. Reaction temperature also significantly affected the yields and selectivity of the individual aromatic product. The main product observed in the temperature range of 450−550
C. Influences of reaction conditions on catalytic pyrolysis of cellulose to p-xylene
• C was p-xylene, together with a smaller amount of other aromatics including benzene, toluene, ethylbenzene, and the heavier C8+ aromatics (e.g., trimethylbenzene, naphthalene, m-naphthalene, and indene). The yields of heavier C8+ aromatics were reduced with temperature increasing, due to the second catalytic pyrolysis of heavier aromatics to form light aromatics. Furthermore, increasing temperature tended to decrease both the p-xylene and overall xylenes yields due to the catalytic cracking of xylenes. The selectivity of p-xylene decreased from 47.2 C-mol% to 30.4 C-mol% with temperature increasing from 450
• C to 600
• C. The ratio of p-xylene to xylenes was also reduced at higher temperatures. It has been shown that the alkylation of benzene/toluene to xylenes and the isomerization of m-xylene and o-xylene to p-xylene generally occur at the lower temperatures below 450
• C when using zeolite as a catalyst [2, 3] . Accordingly, it seems to be unfavourable for the alkylation and isomerization reactions at high temperatures, leading to the decrease in the p-xylene selectivity in the catalytic pyrolysis of cellulose. In addition, it was noticed that the intermediate of furans was further converted to aromatics, especially at higher temperatures [26] . As the temperature increased, both polycyclic aromatics and coke tended to decrease due to the reduction of the polymerization of aromatics.
Co-catalytic pyrolysis of cellulose with methanol also prominently affected the yield and selectivity of p-xylene . FIG. 4 shows the influence of the methanol content on the production of p-xylene by the cocatalytic pyrolysis of cellulose and methanol over the La 2 O 3 -ZSM5(80) catalyst. It was observed that the cocatalytic pyrolysis decreased the yield of solid residue (coke) and improved the yield of aromatics. The yield of coke/char in the absence of methanol was 35.5 C-mol%, while the yeild of solid residue greatly reduced to 18.9 C-mol% by co-feeding cellulose with 50wt% methanol. The yield of the organic liquid prod- ucts from the co-catalytic pyrolysis was higher than that in the absence of methanol. Besides, co-catalytic pyrolysis prominently improved the yield of xylenes and selectivity of p-xylene in aromatics. In the absence of methanol, the yields of benzene, toluene, and p-xylene obtained from the catalytic pyrolysis of cellulose were only 1.7, 5.5, and 6.5 C-mol%, respectively. For co-feeding cellulose and 33wt% methanol, the yield of p-xylene increased significantly to 14.5 C-mol%, accompanied by the decrease in the yields of benzene and toluene. Increasing the methanol content tends to increase the selectivity of p-xylene, which goes through a maximum of 47.2 C-mol% at the biomass/methanol mass ratio of 2:1. It should be pointed out that p-xylene can be formed from cellulose or methanol alone (FIG. 4) . However, the p-xylene yield was not linearly increased with methanol content increasing, which shows that methanol has a certain synergistic effect on the formation of p-xylene during catalytic cracking of cellulose. Present work found that more desired p-xylene was formed in the the co-catalytic pyrolysis of cellulose and methanol. The improvement of the xylenes yield and p-xylene selectivity in the co-feed process was due to that methanol produced methyl radicals, and then benzene and toluene formed from catalytic pyrolysis of cellulose were alkylated to xylenes. Meanwhile, the metal oxides modified
FIG. 5 Stability and reproducibility of catalyst during the co-catalytic pyrolysis of cellulose and methanol over 20%La2O3-ZSM5(80) (T =450
• C, cellulose/methanol=2:1 (in mass ratio), and catalyst/cellulose=2:1 (in mass ratio)).
ZSM5(80) catalysts (like 20%La
O 3 -ZSM5 (80)) enhanced the isomerization of m-xylene and o-xylene to p-xylene due to the modulation of the acidity and strong acid sites. There are several previous studies reported on co-catalytic pyrolysis of biomass or its derivatives (like bio-oil) with methanol over ZSM-5 catalysts [27] [28] [29] . In all these investigations, it has been shown that the yields of aromatics were improved and the coke yield was reduced for co-catalytic pyrolysis. Similar improvement was also observed in the present work. The ratio of hydrogen to carbon effective (H/C eff ) of the feed can be improved during co-catalytic pyrolysis, and a higher (H/C eff ) favors to produce more aromatics and reduce the coke amount [28] .
D. Catalyst stability and reaction mechanism
The stability test of 20%La 2 O 3 -ZSM5(80) catalyst during the co-catalytic pyrolysis of cellulose and methanol was run at 450
• C, and the regeneration of catalyst was conducted in oxygen at 600
• C. After continuously used for three rounds, the catalyst deactivation was obviously observed (FIG. 5) . To understand catalyst deactivation, the formation of the coke on the used catalyst was characterized by the TPO/DTG analyses with a thermogravimetric analyzer (FIG. 6) . The coke content on the used catalyst was about 6.4 g c. /g catal. , indicating that the coke was deposited externally on the zeolite and inside the micropores of the zeolite. For the used catalyst, two peaks in the DTG curve were distinguished in the range of 350−450 and 500−600
• C, respectively. The first profile in the lower temperature region was attributed to a thermal origin coke formed from the pyrolysis of biomass, which burned easily since the coke was deposited outside the catalyst particles [27] . The second profile in the higher temperature region was attributed to the catalytic origin coke, which was mainly generated by the polymerization of aromatic compounds formed from the catalytic pyrolysis of cellulose, followed by dehydrogenation inside the acid catalyst [16, 27] . Moreover, the acidity of the fresh 20%La 2 O 3 -ZSM5(80) obtained from NH 3 -TPD was 179.5 µmol NH 3 /g catal. , and decreased to 125.3 µmol NH 3 /g catal. after 3 h (FIG. 7) . S/W ratio for the used catalyst was reduced remarkably to 0.95. In turn, the deactivation of catalyst was due to coke deposition as well as the acidity reduction [30] .
Finally, the main reaction pathway for the catalytic pyrolysis of cellulose into the aromatics (including p-xylene) was proposed (FIG. 8) , according to the products identified, the catalyst characterizations, and the previous work [8] [9] [10] [11] [12] [13] [14] [15] [16] . The transformation mainly included several cascade reactions: (i) the catalytic pyrolysis of cellulose into furans, (ii) the deoxygenation (namely decarboxylation, decarbonylation, and dehydration) of furans into olefin intermediates in hydrocarbon pool, (iii) the aromatization of olefins into C6-C9 monocyclic aromatics, (iv) the alkylation of light aromatics (like benzene and toluene) to xylenes, (v) the isomerization of m-xylene and o-xylene to p-xylene, and (vi) the polymerization of aromatics to polycyclic aromatics and coke. In the reactions (i)−(iii), the catalytic pyrolysis of cellulose into the low-carbon aromatic monomers was realized over the acidic sites, which in-volved the formation of oxygenates (like furan, furfural, and other carbohydrates) by cellulose pyrolysis followed by deoxygenation, catalytic cracking, and aromatization of the cellulose-derived olefins [10] . The reaction step (iv) involved the selective production of xylenes by the alkylation reactions of low carbon aromatics (mainly benzene and toluene) using methanol as alkylating agent. The metal oxides modified ZSM5(80) catalysts (like La 2 O 3 -ZSM5(80)) were proven to be highly active catalysts for the alkylation of benzene and toluene to form xylenes, which tuned the acidity of the zeolite catalysts and the S/W ratio. The subsequent isomerization of xylenes in the reaction (v) resulted in the isomerization of m-xylene and o-xylene to p-xylene over the same metal oxides modified ZSM5(80) catalysts. In particular, the 20%La 2 O 3 -ZSM5(80) catalyst presented highest selectivity of p-xylene in aromatic productions. The formation of naphthalenes in reaction (vi) also occurred over the acidic sites of the zeolite, and reducing the acidity of the zeolite and adding methanol can inhibit effectively the production of polycyclic aromatics.
IV. CONCLUSION
Present work shows that cellulose is a potential renewable raw material for production of bio-based p-xylene by co-CFP of cellulose and methanol over the metal oxides modified ZSM5(80) catalysts. The catalytic transformation mainly included four reaction steps: (i) pyrolysis of cellulose into oxygenates, (ii) catalytic pyrolysis of oxygenates into aromatics, (iii) alkylation of light aromatics into xylenes using methanol as alkylating agent, and (iv) isomerization of m-xylene and o-xylene into p-xylene. The La 2 O 3 -modified ZSM5(80) catalyst, which tuned the acidity and the S/W ratio in the zeolite, was proved to be highly active for the alkylation of benzene and toluene into xylenes and the isomerization of m-xylene and o-xylene to p-xylene. The highest p-xylene yield of 14.5 C-mol% with a p-xylene/xylenes ratio of 86.8% was obtained by the co-catalytic pyrolysis of cellulose with 33wt% methanol over 20%La 2 O 3 -ZSM5(80) catalyst. Carbon deposited on the zeolite was the primary cause of catalyst deactivation, and the activity of the used catalysts was almost recovered by the removal of coke. Present process potentially provides a available way for the production of bio-based p-xylene using renewable cellulose.
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